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ABSTRACT: School facilities in Iran, in particular masonry schools, have shown poor performance 
during past earthquakes and can be identified as the most vulnerable buildings to the earthquakes. 
Hence, in this paper a method to perform observational-based damage assessment for brick masonry 
schools located in the province of Yazd, the central region of Iran, using a comprehensive database of 
schools is proposed. The database was obtained from the field survey forms applied for each 
observed school to collect the seismic influential parameters. The results of a vulnerability index 
method developed in Iran are employed to use in a correlation procedure as input data, aiming at 
obtaining the empirical fragility curves for each school inventory. The macroseismic model and GNDT 
II level method are two empirical methods that are combined in this procedure. The procedure is 
verified using damage survey data after earthquakes occurred in Iran.  
Keywords: Masonry school, Iran, Fragility curves, Vulnerability index.  
NOTATION 
μD The mean damage grade; 
IV The normalized vulnerability index of GNDT II level method; 
Ri The vulnerability index of Iranian method; 
V The vulnerability index of macroseismic method; 
I The EMS-98 macro seismic intensity scale; 
1 INTRODUCTION  
More than 90% of the area of Iran is located on Alpine-Himalayan earthquake belt, one of the most 
seismically active areas of the world, which has been the host of a long series of catastrophic 
earthquakes with an important number of casualties and economic losses. In the 20th century, Iran 
has experienced 14 earthquakes of magnitude ~7.0 (i.e. one per each 7 years), and 51 earthquakes 
of magnitude 6.0-6.9 (one per each 2 years), with almost 126,000 deaths since 1900. During this 
period nine cities were destroyed (one city each 10 years) [1, 2].  
The damage due to the past earthquakes in Iran proves that the school facilities are the most 
vulnerable infrastructure to the earthquakes. The life of many students and teachers are threatened 
due to the shortage of safe school buildings against earthquakes. After the 2003 Bam earthquake, 67 
of the 131 schools in Bam and surrounding villages collapsed and the rest were heavily damaged. In 
addition, 8,000-10,000 out of 32,000 students and about 1,200 out of 3,200 teachers lost their lives in 
Bam and surrounding areas [3, 4]. Also, the possible use of the schools after the earthquake for other 
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purposes revealed the seismic importance of these infrastructures. In the majority of earthquakes that 
occurred in Iran, post-earthquake aid and recovery tasks have been conducted using the buildings of 
the undamaged schools. 
As a consequence of the seismic vulnerability of existing schools, in 2007 the Iranian Parliament 
granted 4 billion dollars to seismic rehabilitation and reconstruction of vulnerable schools [5]. One of 
the obtained results was that this investment led to a database of existing schools by the State 
Organization of Schools Renovation, Development and Mobilization of Iran. This comprehensive 
database is a result of extensive field survey for all schools to collect the parameters such as year of 
construction, geographic coordinates, aerial photos, photos from current situation, architectural 
drawings, functionality of each space, type of material, type of structural system, floor type, etc. 
According to this database, about 89% of the existing schools in Iran are classified as brick masonry 
buildings. Taking into account that more than 80% of them are located in the regions with high 
seismic hazard, their vulnerability assessment is needed [5]. 
Vulnerability assessment aims to obtain the probability of multiple damage state for a specified 
exposure (structure inventory) as a function of the earthquake intensity or magnitude. Fragility curves, 
which are continuous functions indicating the exceedance probabilities of a certain damage state as a 
function of the earthquake intensity, are one of the most robust "damage-motion-relationships" [6] that 
are used in vulnerability analyses. The researches focused on generating fragility curves for masonry 
buildings in Iran are scarce. In this field, it can be only made references to the studies carried out by 
Bakhshi and Karimi [7] and Omidvar, et al. [8], aiming at obtaining the analytical and observational 
fragility curves for typical Iranian masonry buildings, respectively.  
The available comprehensive database for Iranian schools is appropriate for assessing their 
damage using an observational-based method. For this purpose, an Iranian method has been 
developed by the State Organization of Schools Renovation, Development and Mobilization of Iran for 
making the decision on the best strategy for strengthening of each school inventory. Since the Iranian 
method does not result in fragility curves, it is required to adopt methods that are capable to generate 
fragility/vulnerability curves and correlate these curves with the results of the Iranian method. The 
objective of this paper is to develop a method for generating observational-based fragility curves 
through correlating the Iranian method with two observational methods, namely GNDT II level [9-11]  
and macroseismic model [12]. The method is based on the database of three predominant types of 
brick masonry schools of the province of Yazd (the central region of Iran). The proposed curves could 
be considered as an important contribution for seismic loss estimation studies of schools in Iran, since 
more than 90% of existing schools in Iran (24,411) present the same structural configuration [5]. 
On the basis of the schools database, brick masonry schools located in the province of Yazd can 
be classified into three main typologies, taking into account the condition of connections between 
walls, the connections between walls and floors/roof and the diaphragms rigidity (see Table 1). In this 
paper, the empirical fragility curves have been generated for these school building typologies due to 
their high percentage in the considered region. 
Table 1. Main typologies of brick masonry schools in Iran 
Label No. of Stories Specifications 
M1 1-3 
Confined masonry school with horizontal and vertical RC 
ties and RC slab (rigid) 
M2 1-2 
URM school with just horizontal RC ties on the top of the 
main walls and jack-arch slab (flexible) 
M3 1 
URM school without any confinement and connections and 
Jack-arch slab (flexible) 
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2 IRANIAN METHOD 
The State Organization of Schools Renovation, Development and Mobilization of Iran collected the 
data needed for the seismic vulnerability assessment of schools using simplified field survey forms, 
through an extensive and quick observation for each school building. On the basis of these forms, the 
vulnerability of each school inventory has been assessed by the Iranian vulnerability index method. 
The method results in the damage index R that indicates the vulnerability level of the building 
subjected to an earthquake with a given PGA (see (1)). The index R is calculated as the product of 
two coefficients, namely Ri and k4 representing the building vulnerability and the probable seismic 
demand measure PGA, respectively (see (2)) 
{
  
 
  
 
    
       
    
 
The lowest level of seismic vulnerability. It is not needed to carry out more 
assessment analyses or the strengthening of the structure. 
(1)               .  
 
 
 
The moderate level of seismic vulnerability. The building needs to be assessed 
by a more accurate method. 
The highest level of seismic vulnerability. It is necessary to demolish the 
building and rebuild it. 
             (2)               .  
Here, “a" represents the probable PGA of the region where the school is located. It is proposed for all 
the cities in Iran by the Iranian seismic design code [13] as a result of a deterministic hazard analysis. 
In order to obtain the value of the index Ri, three types of indexes, which are related to the 
structural aspect (Li, i=1 to 5), the structural details (k1 and k1i, i=1 to 4) and the architectural features 
(k2, k3), are defined as presented in Table 2 and Table 3. The index Ri is calculated using the 
relationship as given in (3). The method considers three classes of vulnerability described by terms 
"Low", "Moderate" and "High" that are associated with the indexes L1, L4, L5, k1 and k2. The value of 
the index k1 is obtained using the factors k11, k12, k13 and k14 as given in (4). 
   (           )          (3)               .  
   
               
   
 (4)               .  
For k1, the influence of the building vulnerability factors is taken into account using several 
parameters. For each parameter, a vulnerability score is assigned based on its vulnerability class. 
The value of each factor (k11-k14) is equal to the sum of the vulnerability scores assigned to each 
parameter. Indexes L1, L4, L5 and k2 are directly considered in vulnerability analysis assigning a 
vulnerability score to each one on the basis of their vulnerability class (see Table 2). The indexes L2, 
L3 and k3 are independent of the vulnerability classes and their values are presented in Table 3. 
3 GNDT II LEVEL METHOD 
The GNDT II level method is an empirical method that results in a normalized vulnerability index to 
estimate the expected damage of the building. The method includes eleven parameters that influence 
seismic vulnerability, including: the type of earthquake resistant system, the earthquake resistant 
system’s quality, the conventional strength capacity, the soil condition and foundations, the horizontal 
floor diaphragms’ presence, the building plan configuration, the building elevation configuration, the 
maximum distance between walls, the type of roof, the non-structural elements and the building 
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condition. The information on the parameters is gathered in a survey form that is filled in for each 
building. 
Table 2. Description of vulnerability indexes in Iranian method 
Vulnerability indexes Description 
L1 Local site condition and foundation 
L4 Building plan and elevation configuration 
L5 Symmetry of building plan 
k11 Quality of masonry materials 
k12 Load-bearing walls condition 
k13 Building roof configuration 
k14 Quality of connection between building components 
k2 Wall openings condition 
Table 3. Values of vulnerability indexes L2, L3 and k3 in Iranian method 
Vulnerability indexes Value Description 
L2: Seismic resistance system 
10 Confined buildings with horizontal and vertical RC ties 
35 URM school with horizontal RC ties 
55 URM school without any confinement and connections 
L3: Horizontal diaphragms 
5 Rigid diaphragms: RC slab 
15 Flexible diaphragm: jack-arch slab 
k3: Number of stories 
1 One story 
1.1 Two stories 
1.2 Three stories 
 
For each parameter, a weight factor pi is considered corresponding to its degree of importance. In 
order to associate a class of vulnerability from A (lowest vulnerability) to D (highest vulnerability) for 
each parameter, a vulnerability score Cv is assigned to each class with the values of 0, 5, 25, 45 for 
classes A, B, C and D, respectively. It should be noted that some parameters present different Cv 
values for intermediate classes (classes B and C). The vulnerability index is obtained as the weighted 
sum of the vulnerability scores of the various parameters. The normalized vulnerability index Iv, which 
ranges between 0 (very little vulnerable) and 100 (highly vulnerable), is calculated as follows: 
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(5)               .  
On the basis of the damage survey after the 1976 Friuli and 1984 Abruzzo earthquakes [14], 
vulnerability curves were developed by Petrini [9]. These vulnerability curves correlate the Damage 
Factor DF (the ratio between the repair cost and the rebuild cost of a building), the PGA and the 
normalized vulnerability index Iv. It was assumed for each specified Iv that the variation of the damage 
factor (0<DF<1) is linear between two PGA threshold values: the PGA that causes onset of the 
damage, yi, and the PGA that causes collapse of the building, yc. The threshold values are defined in 
terms of the normalized vulnerability index Iv as given in (6) and (7). 
                   (     )  (6)               .  
                 (     )
         (7)               .  
4 MACROSEISMIC METHOD  
In order to evaluate the seismic vulnerability of buildings located in European regions and towns, 
the macroseismic method was developed by Giovinazzi [12]. The method, which is based on the 
EMS-98 macroseismic scale [15], is able to assess the vulnerability for a single building or a group. 
The EMS-98 Damage Probability Matrixes (DPM) consist of seven vulnerability classes with an 
increasing order of vulnerability from A to F, in which the probability of five damage grades Dk (k=1 to 
5) is expressed by the linguistic terms "few", "some" and "many" for a given macroseismic intensity 
degree (from I to XII). The incomplete damage distribution and the imprecise determination of the 
damage probability inside the EMS-98 DPM led to the development of the macroseismic method for 
resolving the uncertainties. In the macroseismic method, the beta distribution is proposed in order to 
complete the distribution of damage grades. The beta probability density function and the beta 
cumulative density function are calculated as given in (8) and (9), respectively. 
      ( )  
 ( )
 ( ) (   )
(   )   (   )     
(   )   
            
(8)               .  
       ( )  ∫   ( )  
 
 
 
(9)               .  
Here, a=0; b=6; t=8;    (       
          
          ). The μD indicates the mean damage 
grade and is defined as: 
   ∑                           
 
   
 
(10)               .  
where pk represents the probability of having each damage grade Dk (0 to 5), where D0 means no 
damage, and D1 means slight, D2 moderate, D3 heavy, D4 very heavy damage, and D5 means 
destruction. This probability is obtained as: 
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 (11)               .  
Finally, the fragility curves for different damage grades can be generated as follows: 
 (    )      ( ) (12)               .  
The fuzzy set theory [16] is applied to the qualitative terms of EMS-98 DPM "few", "most" and 
"many" in order to translate them to the precise quantitative terms. Repeating this procedure for all 
damage grades of each vulnerability class and for various macroseismic intensities results in a closed 
analytical function calculating the mean damage grade    in terms of macroseismic intensity I, the 
vulnerability index V and the ductility index Q=2.3 (see (13)). 
      [      (
            
 
)] (13)               .  
Similarly, index V quantifying the seismic behaviour of the building, which ranges between 0 and 1, 
is obtained by applying the fuzzy set theory. In the macroseismic method, the vulnerability index V 
has been calculated for all European building typologies (e.g. adobe, URM and RC) and for seven 
vulnerability classes of the EMS-98 macroseismic scales. The proposed method, which was used in 
this study, involves two main steps. The description of each step is presented in the following 
sections. 
5 CALIBRATION OF IRANIAN METHOD WITH THE RESULTS OF GNDT II LEVEL 
METHOD  
To apply the GNDT II level method, 25 school buildings from each typology were selected. As a 
result, the normalized vulnerability index Iv has been obtained for each school. After obtaining the 
values of the indexes Iv and Ri, it is possible to correlate them by applying the linear regression 
function to the data points of each typology as shown in (14) and Erro! A origem da referência não 
foi encontrada.. 
{
                              
                              
                              
 
(14)               .  
6 COMBINATION OF GNDT II LEVEL AND MACROSEISMIC METHODS 
After calculating the index Ri for each school, the proposed method aims to define a procedure for 
generating fragility curves for the specified masonry school typology. For this purpose, it is necessary 
to correlate the vulnerability curves of GNDT II level and the macroseismic method. As stated before, 
the vulnerability curves of GNDT II level indicate the variations of the Damage Factor, DF, versus 
PGA for each normalized index Iv, whilst the macroseismic method results in a different format of the 
vulnerability curves indicating the variations of the mean damage grade    versus macroseismic 
intensity I. For this reason, relationships between PGA and macroseismic intensity I, and between the 
damage factor DF and the mean damage grade    should be obtained. 
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There are many formulations in the literature for macroseismic intensity I-PGA correlation, which 
present a large scatter [14, 17-20]. The physical parameters of the ground motion, such as PGA, are 
related to the local site conditions, while the macroseismic intensity I is a subjective seismic intensity 
measure that depends on expert opinions. Due to this inherent difference, the proposed relationships 
in the literature do not have high accuracy. Nevertheless, it is required to have such formulations for 
practical reasons. Since the GNDT II level vulnerability curves were derived based on the post-
earthquake observations in Italy, the relationships developed by Guagenti and Petrini [14] (see (15)) 
and Margottini, et al. [20] (see (16) and (17)) from Italian data have been employed in this study using 
the mean curve as shown in Erro! A origem da referência não foi encontrada.. 
  (    )               (15)               .  
                
        
(16)               .  
                
         
(17)               .  
Here, amax is the PGA(g). 
 
 
 
  
 
Figure 1. Correlation between the indexes Iv and Ri for school type: a) M1; b) M2; c) M3  
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The correlation of the physical damage and damage factor is the next step. The occurrence 
probability of each type of earthquake losses and consequences (i.e. economic losses, causalities, 
collapsed and uninhabitable buildings), pc, can be obtained in terms of the weighted factors wc,k as: 
   ∑       
 
   
 
(18)               .  
where pk is equal to the exceedance probability of each damage grade Dk (k=0 to 5). This probability 
is related to the value of the mean damage grade    (Erro! A origem da referência não foi 
encontrada.). In case of economic losses, pc represents the damage factor DF and the weighted 
factors wDF,k can be defined as proposed by  SSN [21], HAZUS [22] or ATC-13 [23]. In this study, the 
factors from HAZUS [22]  have been used with the values of 0.02, 0.10, 0.50, 1 and 1 for the damage 
grade D1 to D5, respectively.  
Taking into account that the data from post-seismic survey in Italy was used to generate the 
vulnerability curves of the GNDT II level method, the curves should be verified for the earthquakes 
that occurred in Iran. Since the documented data of reconnaissance visit after earthquakes in Iran is 
rare, this study is focused on the published data available after the 2003 Bam earthquake. Mostafaei 
and Kabeyasawa [24] and Sanada, et al. [25] employed EMS-98 scales to classify the damage data 
of the typical buildings in Bam based on the reconnaissance observations after the 2003 earthquake. 
Concerning these studies, the Damage Probability Matrixes (DPM) for typical residential buildings in 
Iran can be developed. Considering all building typologies classified in these studies, the present 
work is focused on the M&M-Ad typology that refers to the unreinforced brick masonry buildings with 
cement and mud-lime mortar, because this building typology is the most relevant one for the M2 
typology. For types M1 and M3, two corresponding typologies from aforementioned studies can be 
considered. However, due to insufficient number of observed buildings, their DPM are only completed 
for macroseismic intensity measure I≥X. Hence, the GNDT II level method is verified with just M&M-
Ad typology. On the basis of the proposed DPM for M&M-Ad typology, it is possible to obtain the 
mean damage grade    for each level of the macroseismic intensity I using the relationship given in 
(10) (see Table 4). 
 
 
 
Figure 2. Comparison between different I-PGA relationships.  
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Table 4. Mean damage grade for the DPM of M&M-Ad 
typology. 
I (EMS-98) D1 D2 D3 D4 D5 μD 
8 2  2 1  2.40 
9 1 2 0 3 3 3.56 
10 6 8 14 13 32 3.78 
11 2 11 17 30 280 4.69 
 
In order to compare the Bam earthquake results with the vulnerability curves of GNDT II level 
method, the damage points resulting from the developed DPM, which indicate the mean damage 
grade μD for a given macroseismic intensity I, should be converted to the points representing the 
damage factor DF for a given PGA. For this reason, the proposed method is applied to the damage 
points as shown in Erro! A origem da referência não foi encontrada.. On one hand, the normalized 
vulnerability index Iv ranges between 28.1 and 57.19 (see Erro! A origem da referência não foi 
encontrada.). On the other hand, Erro! A origem da referência não foi encontrada. shows that the 
points corresponding to the Bam earthquake have been positioned among the linear vulnerability 
curves with 30<Iv<60. Hence, it is concluded that the GNDT II level method vulnerability curves can 
be used in this study. It should be noted that the incompleteness associated with the developed DPM 
due to the shortage of post-earthquake data, the lack of complete agreement between the residential 
building typology and the school typology studied in this research work and the inherent inaccuracy of 
I-PGA relationships, can influence the validity of each damage point's value. 
As a result of the proposed method, the vulnerability curves can be generated for all values of the 
index Ri. Erro! A origem da referência não foi encontrada. shows the curves of the schools with 
different values of the index Ri (type M1 in blue, type M2 in red and type M3 in grey) and also 
presents the curves corresponding to different vulnerability classes of EMS-98 scales that have been 
obtained using the macroseismic method formulation as given in (13). It can be clearly seen that there 
is an observed matching between the curves of the type M1 and the vulnerability curve of class C 
(V=0.58); and also between the type M3 curves and the curve of class A (V=0.90). In addition, the 
 
Figure 3. Vulnerability curves of the GNDT II level method and the points corresponding to Bam 
earthquake   
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type M2 curves are positioned among the vulnerability curves of class A (V=0.90) and of class B 
(V=0.74). In other words, the vulnerability class of this typology ranges from class A to B. 
In order to obtain a relationship correlating the values of indexes Ri and V for each building type, all 
the values of the index Ri corresponding to 25 selected schools (see section 2) were used to calculate 
the corresponding values of the index Iv using the relevant relationship given in (14). The index Iv 
values were then employed to generate the vulnerability curves using the proposed method. The least 
squares method has been then used for matching an index V to each curve. The best value of the 
vulnerability index V for each curve is the one that presents the minimum residual. Repeating this 
process for each building type, the correlations between the index (V) and the Iranian vulnerability 
index (Ri) for each type were obtained (see (19)). 
 
{
                       
                             
                       
                             
                       
                             
 
(19)               .  
As a result, the fragility curves for each URM school typology can be generated using the 
macroseismic method relationship (see (12)). As an example, Erro! A origem da referência não foi 
encontrada. presents the fragility curves for a URM school belonging to the type M2, in which the 
EMS-98 vulnerability class is identified by V=0.83. 
7 CONCLUSION 
Using the database of URM schools located in the province of Yazd (Iran), this paper proposes a 
method to generate empirical fragility curves for three school typologies considered in this study. 
Evaluating the normalized index of GNDT II level method for 25 schools from three typologies, the 
method was calibrated based on the results of an index-based method developed in Iran with the 
results of GNDT II level method. The validity of GNDT II level method for earthquakes occurred in Iran 
was confirmed using available results from post-seismic surveys in Iran. On the basis of a procedure 
for correlating the GNDT II level method and macroseismic method, the calibrated results were 
employed to drive a relationship for each school typology that is capable to calculate the index V of 
the macroseismic method respecting to each index Ri of the Iranian method. Consequently, the 
 
Figure 4. Comparison between the vulnerability curves of GNDT II level (type M1 in blue, type M2 
in red and type M3 in grey) and macroseismic method (black).  
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fragility and vulnerability curves for each school can be obtained after calculating its corresponding 
index Ri value. The method can be used for all schools in Iran due to their similar structural 
configurations and construction techniques. Moreover, it can be employed to provide fragility curves 
for typical masonry residential buildings in Iran due to the fact that most of the masonry residential 
buildings in Iran are belonged to one of the building types M1, M2 or M3.  
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